Signal Transducer and Activator of Transcription 6 (STAT6) is the signal mediator of interleukin 4 and 13 (IL-4 and IL-13) promoting an anti-inflammatory process by inducing the development of Th2 lymphocytes and M2 type macrophages[@b1][@b2][@b3][@b4][@b5][@b6][@b7][@b8]. In hepatocytes, *in vitro*, IL-4/STAT6 diminishes triglyceride accumulation[@b9]. Accordingly, STAT6-deficient mice display aggravated high fat diet-induced hepatic liver deposition *in vivo*[@b10].

STAT6 interacts with the peroxisome proliferator-activated receptor γ (PPARγ) to induce a metabolic switch from glycolysis towards fatty acid oxidation through direct interaction between STAT6 and PPARγ at the promoter regions of fatty acid β-oxidation genes[@b6][@b7][@b11][@b12][@b13][@b14]. This metabolic switch is tightly linked to the development of M2 type, anti-inflammatory macrophages[@b7]. Increased inflammatory state of adipose tissue is a hallmark of obesity and insulin resistance[@b12]. Macrophages activated by inflammatory cytokines via the classical (M1) pathway acquire a pro-inflammatory phenotype, release Monocyte Chemotactic Protein (MCP-1) and Interleukin 1β (IL-1β), thus enhancing adipose tissue inflammation and promoting insulin resistance[@b12][@b15]. By contrast, M2 type macrophage activation induced by IL-4/IL-13 or by PPARγ agonists is associated with improved insulin sensitivity in both human subjects and rodents[@b11][@b16]. Hepatosteatosis is one of the major metabolic complications related to obesity and insulin resistance[@b17]. Treatment with Rosiglitazone (RSG), a potent and specific PPARγ agonist ameliorated liver homeostasis in obese, insulin resistant patients and in divers mouse and rat models of hepatosteatosis[@b18][@b19][@b20][@b21][@b22][@b23].

Taken together, these studies indicated an important beneficial role for PPARγ-mediated signaling in the modulation of liver lipid homeostasis. In immune cells, PPARγ-dependent modification of lipid metabolism entails an intertwined action with the STAT6 signaling network[@b7]. However, whether PPARγ-mediated modulation of hepatic lipid metabolism *in vivo* requires the presence of STAT6, has not yet been explored.

To gain insight into the interactions between PPARγ and STAT6 in hepatic homeostasis *in vivo*, we employed a comparative proteomic analysis and evaluated liver proteomes of wild type (WT) and STAT6-deficient mice after RSG treatment using an isobaric labeling strategy[@b24]. We identified pyruvate kinase isomer M2 (PKM2), a glycolytic and proliferation-regulating enzyme with attenuated RSG-induced expression in STAT6-deficient mice. In adipose tissue, RSG decreased PKM2 expression and this effect was absent in mice with STAT6 deletion. Immunohistochemistry localized PKM2 expression in inflammatory cells both in liver and adipose tissue, while hepatocytes and adipocytes were negative for PKM2 staining. RSG diminished hepatosteatosis and oxidative stress, enhanced fat accumulation and improved insulin sensitivity in STAT6-deficient mice. Taken together, our data suggest that STAT6-mediated signals play an important modulatory role in PPARγ-induced inflammatory cell metabolism and activation, and that this action of STAT6 is a key component in the adjustment of PPARγ adipogenic and insulin-sensitizing effects.

Results
=======

Rosiglitazone Normalizes Hepatic Triglyceride Content and Decreases Hepatocellular Stress in STAT6-deficient Mice
-----------------------------------------------------------------------------------------------------------------

Confirming our previously published results[@b10], quantification of hepatic triglyceride content demonstrated increased lipid accumulation in control STAT6-deficient mice compared to wild type (WT) mice. RSG treatment normalized triglyceride levels in STAT6-deficient mice but exerted no significant effect in WT mice ([Figure 1a](#f1){ref-type="fig"}). Parallel to increased lipid accumulation livers of control STAT6-deficient mice showed elevated levels of malonyl-aldehyde (MDA), a hallmark of lipid peroxidation and oxidative stress. MDA amount was significantly decreased after RSG treatment in STAT6-deficient mice but remained unchanged in WT mice ([Figure 1b](#f1){ref-type="fig"}). In parallel, expressions of two main anti-oxidant proteins, Glyoxilase1 (GLO1) and superoxide dismutase 1 (SOD1) displayed increased expressions in livers of control STAT6-deficient mice, but were normalized following RSG treatment ([Figure 1c](#f1){ref-type="fig"}).

Analysis of Differential Protein Expression
-------------------------------------------

Isobaric-labeling based quantitative proteomics using Tandem Mass Tag (TMT) technology identified differentially expressed liver proteins between RSG-treated WT and STAT6-deficient mice (four biological replicates in two different experiments)[@b25]. After liver protein extraction, tryptic digestion and off-gel electrophoresis, a total number of 1440 proteins were identified and quantified ([Supplemental dataset](#s1){ref-type="supplementary-material"}). Among them, three were found differentially expressed in both experiments displaying lower expression levels in STAT6-deficient mice. In specific, these three proteins were the pyruvate kinase isozymes M1/M2, the hematopoietic system regulatory peptide (short isoform) (Thymosine beta 4, Tβ4) and the Histone H1.5 (chain 0) ([Table 1](#t1){ref-type="table"}). Further experiments were focused on PKM2 due to its dual interest as a cancer-specific metabolic enzyme and a recently identified PPARγ target gene in liver[@b26][@b27][@b28].

Western Blot and Real-Time PCR Analyses of Pyruvate Kinase M2
-------------------------------------------------------------

To confirm STAT6-dependent regulation of PKM2 we performed Western blot and real-time PCR experiments to analyze PKM2 protein and mRNA levels, respectively. Western blot examination demonstrated significant down-regulation of PKM2 expression in STAT6-deficient mice when data were analyzed by Student\'s t-test (p = 0.003) though the difference did not reach statistical significance when analyzed by one-way ANOVA test (p = 0.075)*.* In line with these data, RSG treatment resulted in impaired up-regulation of PKM2 protein expression in STAT6-deficient mice compared to RSG-treated WT mice ([Figure 2a](#f2){ref-type="fig"}). Similar STAT6-dependent upregulation was observed in PKM2 mRNA expression as well, though the difference between RSG-treated WT and STAT6-deficient mice did not reach statistical significance ([Figure 2b](#f2){ref-type="fig"}).

Liver Histology and Immunohistological Localization of PKM2
-----------------------------------------------------------

Hematoxylin-eosin (HE) stained liver sections demonstrated the presence of several inflammatory foci of heterogenous cellular composition in RSG-treated WT mice that were absent from STAT6-deficient mice ([Figure 3a](#f3){ref-type="fig"}). Hepatocytes of WT and STAT6-deficient mice were normal in appearance with physiological cytoplasm/nucleus ratio and with no sign of malignant transformation. Immunohistochemical analysis of liver sections from RSG-treated WT mice showed PKM2 labeling of numerous non-parenchymal cells located between hepatocytes but hepatocytes were clearly devoid of any PKM2 labeling ([Figure 3a](#f3){ref-type="fig"} upper panels). The PKM2-labelled non-parenchymal cells were localized most abundantly in association with inflammatory foci. Some PKM2-positive cells showed a particular arrangement by surrounding healthy-appearing hepatocytes. In accordance with the diminished PKM2 expression detected by Western blot analysis, PKM2-labelled cells were substantially less abundant and scattered in RSG-treated STAT6-deficient mice than in WT mice ([Figure 3a](#f3){ref-type="fig"} lower panels). In order to identify the nature of the non-parenchymal PKM2-positive cells in RSG-treated WT mice we performed immunohistochemistry on separate sets of three serial sections derived from RSG-treated WT mice; in each experiment the middle section was used for PKM2 immunohistochemistry while the adjacent sections on each side were subjected to immunolabeling for markers of macrophages and hepatic stellate cells, or to a standard staining procedure for fibrosis detection (Masson staining). In the first set of experiments we used two different macrophage markers, the F4/80 protein as a marker of M1-type activated macrophages, and the CD206 antigen for M2-type activated macrophages, respectively[@b29][@b30]. Both F4/80 and CD206-positive cells could be distinctively identified, although with differential distributions, but without any substantial co-localized labeling with the PKM2-positive cells ([Figure 3b](#f3){ref-type="fig"}, upper panels). In the second set of experiments we performed either an immunolabeling against the glial fibrillary acidic protein (GFAP), a marker of activated hepatic stellate cells (HSC), or a Masson staining to detect accumulation of fibrotic tissue[@b31]. GFAP-labeled HSC displayed typical star-like morphology and their position was also compatible with their specific location within the space of Disse between liver sinusoidal endothelial cells and hepatocytes ([Figure 3b](#f3){ref-type="fig"}, lower panels)[@b32]. Some of these GFAP positive cells were also located within the inflammatory granulomas but without any significant colocalized labeling with the PKM2-positive cells ([Figure 3b](#f3){ref-type="fig"}, lower panels). Upon activation, stellate cells differentiate into myofibroblasts to produce extracellular matrix, thus contributing to liver fibrosis. A recent case report described the development of granulomatosus hepatitis with fibrosus tissue accumulation in a patient treated with RSG[@b33]. In our study, however, collagen-specific Masson staining did not revealed fibrotic tissue build-up in the livers of RSG-treated WT or STAT6-deficient mice.

Western Blot Analysis of CD206
------------------------------

PPARγ induces M2-type polarization of macrophages and interaction with STAT6 is a necessary requirement for this action[@b7][@b14][@b34]. In line with the essential role of STAT6 in M2-type differentiation, RSG-treated STAT6-deficient mice displayed lower expression levels of CD206, the hallmark of M2-type macrophages ([Figure 4](#f4){ref-type="fig"}).

Enhanced Rosiglitazone Adipogenic and Insulin-sensitizing Effect in STAT6-deficient Mice
----------------------------------------------------------------------------------------

Liver steatosis and inflammation is closely related to alterations in adipose tissue function, the primary target tissue of PPARγ agonist drugs. In line with previous reports, control STAT6-deficient-mice had lower body fat mass than their WT littermates[@b9]. RSG treatment increased epididymal (WATe) and inguinal (WATi) fat pad accumulation in STAT6-deficient mice while this effect was not yet observed in WT type mice ([Figure 5](#f5){ref-type="fig"} a). Rosiglitazone induces adipocyte hyperplasia (cell number increase) and hypertrophy (cell size increase)[@b35][@b36]. In line with their lower adipose tissue mass, control STAT6-deficient mice displayed slightly but significantly smaller adipocyte size compared to control WT mice. RSG-treatment led to a shift in adipocyte distribution towards smaller sizes in both WT and STAT6-deficient mice but this effect was mitigated in the absence of STAT6 signaling. In line with the larger adipocyte size (a sign of adipocyte differentiation) RSG-treated STAT6-deficient mice demonstrated an elevation in the serum levels of leptin, a cytokine specific of mature adipocytes ([Figure 5](#f5){ref-type="fig"} b, c and d).

Stimulation of IL-4 *in vivo* has opposing effects on STAT6 phosphorylation in liver and in adipose tissue suggesting that STAT6-mediated signals might have diverging effects in these two insulin-responsive tissues[@b9]. Indeed, in WT mice, in liver, PKM2 protein expression was up-regulated by RSG. By contrast, in adipose tissue PKM2 levels were down-regulated. However, in both tissues regulation of PKM2 expression was STAT6-dependent ([Figure 6a](#f6){ref-type="fig"} compare to [Figure 2a](#f2){ref-type="fig"}).

In an attempt to gain further insight into the physiological relevance of this differential regulation of PKM2, we performed a serial immunohistochemical analysis of adipose tissue sections from RSG-treated STAT6-deficient mice. Similar to liver, we observed marked PKM2 labeling of numerous cells located in the stromal-vascular fraction, situated between adipocytes ([Figure 6b](#f6){ref-type="fig"}). Several of these PKM2 positive cells were arranged surrounding adipocytes, forming "crown-like" structures. In the same stromal space we also observed F40/80 (M1 type macrophage) and CD260 (M2 type macrophage) positive cells, but they did not display any obvious co-localization with the PKM2 positive cells.

RSG treatment alleviated liver oxidative stress in STAT6-deficient mice. Similarly, in adipose tissue, expression of one of the major inflammatory cytokines, Monocyte Chemotactic Protein 1 (MCP1), was decreased in RSG-treated STAT6-deficient mice (Student\'s t-test p = 0.023) though this difference did not reach statistically significant value when analyzed by one-way ANOVA test (p = 0.055). RSG up-regulated levels of another inflammatory cytokine, Interleukin 1 β (IL-1β), in WT mice, but not STAT6-deficient mice. In fact, IL-1β expression tended to be decreased in RSG-treated STAT6-deficient mice compared to WT mice ([Figure 6c](#f6){ref-type="fig"}). Decreased WAT pro-inflammatory cytokine expression is associated with enhanced insulin sensitivity[@b37][@b38]. Indeed, along with the attenuated adipose tissue MCP1 and IL-1β expression, RSG treatment led to increased insulin sensitivity in STAT6-deficient mice as demonstrated by intra-peritoneal insulin tests (ipITT). By contrast, no significant effect of RSG on insulin sensitivity was yet observed in WT mice ([Figure 6d](#f6){ref-type="fig"}). The overall effect of RSG treatment was measured by calculating the Area Under the Curve (AUC) values from the ipITT graphs in the control and RSG treated WT and STAT6-deficient mice ([Figure 6e](#f6){ref-type="fig"}).

Discussion
----------

The goal of our study was to explore the association between PPARγ and STAT6-mediated signal transmission in the effect of Rosiglitazone, a potent antidiabetic and hypolipidemic drug on liver lipid homeostasis. To achieve this goal we applied short-term RSG treatment in WT and STAT6-deficient mice, compared their liver protein expression by a proteomic approach, and validated the relevance of the identified proteins by various molecular biological and physiological methods. Our results imply an important interaction between PPARγ and STAT6 *in vivo* in inflammatory cells triggering alterations in their metabolic profile and modifying adipose tissue and liver metabolic homeostasis. Indeed, RSG treatment improved hepatosteatosis and decreased hepatocellular stress present in control STAT6-deficient mice. RSG treatment led to the development of inflammatory foci in livers of WT mice while STAT6-deficient mice were protected. Our proteomic analysis revealed that these alterations were accompanied by attenuated expression of three proteins, Histone H1.5, Thymosin4β and Pyruvate kinase M2 in RSG-treated STAT6-deficient mice. Histone H1.5 represses gene transcription through chromatin remodeling[@b39]. Tβ4 is secreted by macrophages and is one of their anti-inflammatory mediators[@b40]. Similar to PKM2, Tβ4 is also a target of the hypoxia-inducible factor 1α (HIF-1α) and its expression is up-regulated in cells with malignant transformation[@b41]. Pyruvate kinase (PK) is a glycolytic enzyme catalyzing the conversion of phosphoenolpyruvate (PEP) to pyruvate. It comprises of four isoforms (PKL, PKR, PKM1 and PKM2) that differ in their cellular distribution and enzyme kinetic properties. PKM2 is physiologically abundant only during embryogenesis but shows re-expression in adulthood in cells with enhanced mitogenesis and in tumors, among them hepatocellular cancer[@b42]. PKM2 promotes cell proliferation by providing energy preferentially through anaerobic glycolysis and thus diverting glucose metabolic products towards lipid, amino acid and nucleic acid synthesis[@b26][@b43]. These metabolic changes give advantage to cancerous cells to survive in a predominantly hypoxic condition associated with tumor environment, and adapt cell metabolism to increased DNA synthesis and proliferation[@b44]. Similar metabolic changes are also present in non-tumor cells induced to proliferate, e.g. activated T lymphocytes[@b45].

Adenovirus-mediated PPARγ overexpression has been shown to increase PKM2 expression in rodent livers[@b28]. Our results confirmed the stimulatory effect of the PPARγ agonist RSG on PKM2 protein expression. However, immunohistochemical analysis revealed that in the presence of physiological levels of liver PPARγ RSG-induced PKM2 protein is not located in hepatocytes but in a specific subset of non-parenchymal liver cells. Recent studies demonstrated that in macrophages PPARγ and STAT6 act in a cooperative fashion to induce the \"alternative\" pathway of activation and differentiation into M2-type activated cells, while another transcription factor HIF-1α mediates the \"classical\" activation pathway giving rise to M1-type cells. M1-type macrophages use glycolysis as their primary energy source while M2-type macrophages rely predominantly on fatty acid oxidation[@b12][@b15]. In our study, the distribution of PKM2 positive cells did not correspond to that of either fully differentiated F4/80-positive M1 or CD206-positive M2 type macrophage populations. Taken together, these data demonstrate that RSG induces high PKM2 expression in a subset of yet unidentified non-parenchymal cells. Current knowledge on PKM2 function in the modulation of cellular metabolism and proliferation implies that these PKM2-positive cells might represent inflammatory cells with metabolic alterations supporting increased proliferation and activation[@b46][@b47]. This explanation is compatible with the presence of PKM2-positive cells in inflammatory granulomas and would justify the lack of co-localization with any cell markers of already fully differentiated cell type. However, the importance of PKM2 is greatly reinforced by the finding that although RSG treatment caused only a 1.5-fold increase in PKM2 expression measured in whole liver lysate, our immunohistochemical analysis revealed that PKM2-positive cells represented just a small fraction of liver mass. Thus, the increase in PKM2 expression in specific cells largely surpasses the detected 1.5-fold increase. Of significance also, that Thymosin 4β, another protein with differential expression, also plays a role in immune cell proliferation[@b40][@b48] ([Supplementary Figure S2](#s1){ref-type="supplementary-material"}). Thus, taking the data of our proteomic analysis together, they suggest that STAT6 might act as a co-transcriptional regulator of PPARγ in inflammatory cell proliferation and/or activation in liver.

RSG treatment alleviated liver steatosis with a concomitant increase in adipose tissue amount in STAT6-deficient mice suggesting a shift in lipid storage from liver towards adipose tissue. PPARγ induces white adipose tissue expansion and exerts an insulin-sensitizing effect on whole body metabolic homeostasis[@b49][@b50]. PPARγ-induced adipose tissue accumulation was enhanced in the absence of STAT6-mediated signaling evidenced by increased accrual of epididymal and inguinal fat pads compared to RSG-treated WT mice. RSG treatment leads to adipose tissue remodeling and enlargement by inducing hyperplasia and subsequent hypertrophy (lipid accumulation) of adipocytes[@b35][@b36]. In line with these previous studies RSG induced adipocyte hyperplasia in WT mice demonstrated by a significant shift towards smaller adipocyte sizes and a decrease in the levels of the differentiated adipocyte marker, leptin. RSG treatment led to a decrease in adipocyte size in STAT6-deficient mice as well, but this effect was mitigated resulting in larger adipocyte sizes compared to RSG-treated WT mice. In parallel, RSG-treated STAT6-deficient mice displayed elevated leptin levels indicating the presence of more differentiated adipocytes, thus, an acceleration of the adipocyte hyperplasia/hypertrophy sequential process. Taken together, these data imply a crucial negative effect of STAT6 on PPARγ-induced adipocyte differentiation. Increased adipocyte lipid storage capacity observed in the RSG-treated STAT6-deficient mice is also in line with the observed decrease in liver lipid content, oxidative stress and an improvement in insulin sensitivity as demonstrated by earlier studies[@b51][@b52]. The primary importance of RSG action on adipose tissue function is underlined by studies demonstrating that PPARγ-agonist treatment improves whole body metabolic homeostasis in liver- and muscle-specific PPARγ knock-out mice suggesting that these tissues contribute relatively little to the beneficial effects of PPARγ agonists[@b50][@b53][@b54]. An important role for inflammatory cell PPARγ in the positive effects in WAT function is underlined by the phenotype of the myeloid-specific PPARγ knock-out mice which display enhanced diet-induced insulin resistance[@b11]. Taken together, these data imply that the beneficial action of RSG treatment on hepatosteatosis and hepatic oxidative stress in STAT6-deficient mice is at least partially related to its positive effect on adipose tissue lipid storage capacity, and changes in inflammatory cell metabolism associated with a decrease in WAT inflammatory cytokine secretion.

The exact physiological consequences of highly increased PKM2 expression and the related metabolic alterations in liver inflammatory cells and their relation to the observed changes in hepatic lipid homeostasis remain to be elucidated in further investigations. Of interest, however, that pathological activation of immune cells of different origins (macrophages, lymphocytes) and their crosstalk with hepatocytes are known to play important roles in the modulation of liver steatosis[@b55]. Our results demonstrate that STAT6, in cooperation with PPARγ, is an important component of this process.

The summary of our current understanding of the role of STAT6 in the modulation of RSG action on liver and adipose tissue function and their crosstalk is depicted in [Figure 7](#f7){ref-type="fig"}.

In conclusion, we used a quantitative proteomic strategy to identify differences in liver protein expression induced by the PPARγ agonist drug RSG in the presence or absence of STAT6-mediated signaling. In particular, we demonstrated an attenuation of PPARγ-mediated up-regulation of PKM2 in a mixed population of non-parenchymal, inflammatory cells and explored adaptations in liver and adipose tissue metabolic homeostasis linked to differential inflammatory profile. Our data uncovered a novel aspect of the complex network between STAT6 and PPARγ in the modulation of anti-inflammatory and insulin-sensitizing actions of RSG and its potential relation to liver steatosis. Taken together, our data implicates STAT6 as a crucial signaling partner of PPARγ *in vivo* both in adipose tissue and liver, and draws attention to its importance in the modification of the action of Rosiglitazone, a prominent anti-diabetic drug of its class.

Methods
=======

Mice and Rosiglitazone Treatment
--------------------------------

Wild type and STAT6 knock-out male mice with Balb/cJ genetic background were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were kept in conventional animal facility under controlled environmental conditions with free access to water and food. Rosiglitazone was administered by intraperitoneal injection with a dose of 10 mg/kg body weight for a period of 10 days. Control mice received injection of vehicle. Mice were anaesthetized and sacrificed by decapitation. Liver tissue was quickly removed, rinsed with ice-cold PBS solution, intersected, and then frozen by liquid nitrogen and kept at −80°C until analysis. The Ethical Committee of the University of Geneva and the Veterinary Office of the Canton of Geneva accepted the experimental protocol.

Liver Lipid Extraction
----------------------

Hepatic tissues were homogenized on ice in a mixture of Chloroform: Methanol (2:1) and lipids were left to extract in the organic phase overnight. After filtration, 0.9% NaCl (1/5 of volume) was added and the mixture was centrifuged at 1000 rpm. The lower organic lipid-containing phase was dried overnight at 4°C. Dried lipids were then resuspended in 250 μL of ethanol and stored at −20°C until triglyceride colorimetric assay was performed according to the manufacture\'s instructions (Roche Diagnostic).

Liver Protein Extraction
------------------------

Mouse liver tissue was disrupted by freeze cracking in presence of liquid nitrogen. Then, tissues were homogenized in 20 mM Tris buffer (pH = 7.4) containing sucrose 250 mM, DTT 1 mM, EDTA 2 mM and a tablet of Complete protease inhibitor cocktail per 50 mL of buffer (Roche Diagnostic). The buffer volume was adjusted to obtain tissue amount of 50 mg/L. Protein concentration was measured using bicinchoninic acid method (BCA Protein Assay; Pierce).

Proteomic analysis by isobaric TMT labeling, off-gel electrophoresis and Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis
-------------------------------------------------------------------------------------------------------------------------------------------

Liver protein extracts from four wild-type and four STAT6-deficient RSG treated mice were analyzed in two independent experiments, each comparing two wild-type and two STAT6-deficient mice. Altogether in this study we compared four biological individuals for each genotype. Details of liquid chromatography tandem mass spectrometry analysis are provided in [Supplementary information](#s1){ref-type="supplementary-material"}. Briefly, in each experiment 100 μg proteins from each sample (two WT and two STAT6 KO) and two tubes of control mix (containing ¼ of each test sample) were separately prepared for digestion and submitted to the same procedure. This duplicate control mix allowed us to set the cut-off threshold for differential expression (the theoretical threshold ratio of all proteins in mix 1 and mix 2 should equal to one). The samples were digested overnight with 2 μg of porcine trypsin. The next day, all peptides from the four samples and the two mixes were separately labeled with six different Tandem Mass Tags (Thermo Scientific, San Jose, CA) according to the manufacturer\'s instructions. Next, the content of the six tubes was pooled, desalted on a Vidac C18 spin column (Harvard apparatus, Holliston, MA) and dried before off-gel electrophoresis. The 12 collected off-gel fractions were desalted and evaporated under speed-vacuum, and stored at −20°C before LC-MS/MS analysis. Electrospray ionization linear ion trap quadrupole mass spectrometry (ESI LTQ-OT MS) was performed on a linear ion trap quadrupole-orbitrap (LTQ Orbitrap) Velos from Thermo Electron (San Jose, CA) equipped with a NanoAcquity system from Waters. Swiss-Prot database (2011_02 of 08-Feb-2011) specified to Mus musculus taxonomy was used for protein identification, where protein and peptide score were set up to maintain the false positive peptide ratio below 1%. For all analyses, only proteins matching two different peptide sequences were kept. Protein and peptide quantification was performed following the procedure described by Dayon et al.[@b25]. The protein ratio (Wild-type/STAT6 Knock-out) was calculated as the geometric mean of its corresponding peptide ratios. For each protein ratio, the geometric standard deviation (SD) was calculated as described by Tan et al.[@b56] and the coefficient of variation (CV) determined as the SD divided by the protein ratio, and multiplied by 100. To determine the proteins differentially expressed between the two stages (WT and STAT6-deficient), only proteins found to be above calculated thresholds in the experiment 1 (\> 1.35) and experiment 2 (\>1.53) were considered as 'true\' differentially expressed proteins between two genotypes ([Supplemental information MS](#s1){ref-type="supplementary-material"}).

Western blotting
----------------

Liver tissues were homogenized in lysis buffer (25 mM HEPES, 0.5% Triton X100, 65 mM NaCl, 2.5 mM EDTA, 25 mM sodium pyrophosphate, 50 mM NaF, 2 mM PMSF, 9 mM sodium orthovanadate, one tablet of Complete Inhibitor Cocktail in 20 ml (Roche Diagnostics), pH 7.5). Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes and identified by immunoblotting using enhanced chemiluminescence. Signals were revealed in ChemiDoc machine and quantified by QuantityOne program (BioRad).

Immunohistochemistry
--------------------

Tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin, and 4 μm thick liver serial sections were analyzed by immunohistochemistry using anti-PKM2, anti-CD206, anti-F4/80 and Glial fibrillary acidic protein (GFAP) antibodies with the Ventana Discovery automated staining system (Ventana Medical Systems, Tucson, AZ). Ventana reagents were used for the entire procedure. For both PKM2 and CD206 antigen retrieval, slides were heated with cell conditioning solution for 36 min (CC1; Tris-based buffer pH 8.4) using a standard protocol, whereas F4/80 and GFAP antigenicity was retrieved following P1 digestion during 8 min at 37°C. Primary antibodies were used at the dilution 1/100, 1/2500 and 1/50 in Dako diluent (S2022) for PKM2 (\#3198, Cell-Signaling Technology), CD206 (\#ab64693, Abcam), F4/80 (\#ab6640, Abcam) and GFAP (Dako, Z0334), respectively and incubated 1 h at 37°C. Detection of primary antibodies was carried out using the anti-rabbit or anti-rat OmniMap-DAB kit (Ventana Medical Systems), based on conversion of diaminobenzidine to a dye with multimeric horseradish peroxidase (HRP).

Histology and Morphometric Measurements of Adipose Tissue
---------------------------------------------------------

Epididymal adipose tissue samples were fixed in 4% paraformaldehyde, embedded in paraffin, and serial sections were subjected to standard hematoxylin-eosin (HE) staining. Morphometric measurements were conducted on duplicate sections derived from three different levels of the tissue (6 images/mouse). Images were obtained by Axiocam Imaging System (Carl Zeiss AG, Feldbach, Switzerland). Cell diameter was calculated from computer-assisted image transformation using MetaMorph Image Analysis software (Molecular Devices, Union City, CA) as described previously[@b57].

RNA Preparation and Quantitative Real-time RT-PCR
-------------------------------------------------

Total RNA was prepared by homogenizing approximately 100--200 mg liver tissue in TRIZOL Reagent (Invitrogen) and was purified by using RNAse free DNAse in combination with the RNeasy Mini Kit (Qiagen). cDNA was synthesized from 2 μg of DNA-free RNA by Superscript II Reverse Transcriptase (Invitrogen). Primers were designed by Primer Express software (Applied Biosystems) and are listed in the [supplementary Table](#s1){ref-type="supplementary-material"} ([Supplementary information](#s1){ref-type="supplementary-material"}). The results were quantified by the ΔΔCt method using cyclophillin A as the standard internal non-variable gene to compensate for differences in RNA input and efficiency of cDNA synthesis. Results were expressed as arbitrary units compared to the average expression levels in WT mice and are represented as mean ± S.E.M.

Determination of liver oxidative stress
---------------------------------------

Oxidative stress was assessed by measuring tissue concentrations of malonyl-aldehide (MDA) as a thiobarbituric acid reactive substance (TBARS) using a commercially available kit (ZeptoMetrix, Buffalo, NY).

Intraperitoneal Insulin Tolerance Test (ipITT)
----------------------------------------------

Mice were fasted overnight and were administered intraperioneally with 1 U/kg insulin. Glucose levels were monitored during a period of one hour using a glucometer (Accu-check, Roche Diagnostics GmbH, Mannheim, Germany).
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![Rosiglitazone treatment normalizes liver triglyceride levels and hepatocellular stress in STAT6-deficient mice.\
(a) Hepatic triglyceride content, (n = 5--10/group). (b) Thiobarbituric acid reactive substances (TBARS)/Malonaldehyde (MDA) levels in liver tissue, (n = 5--8/group). (c) Protein expressions of oxidative stress-related proteins: glyoxalase 1 (GLO1) and superoxide dismutase 1 (SOD1), (n = 3--8/group). Actin is used as loading control. All graphs represent mean ± S.E.M expressed as arbitrary units normalized to the mean of the WT control mice. \* = *p* ≤ 0.05, \*\*^\#\#^ = *p* ≤ 0.01, \*\*\* ^\#\#\#^ = *p* ≤ 0.001 (\* WT vs. STAT6-deficient mice; ^\#^Control vs. RSG-treated mice) determined by one way analysis of variance (ANOVA) test. All runs were done in parallel with the same experimental conditions.](srep02350-f1){#f1}

![RSG-induced PKM2 protein and mRNA up-regulation is STAT6-dependent.\
(a) Western blot and (b) real-time PCR analysis of PKM2 expressions in livers of control and RSG-treated mice, (n = 5/group). Graphs represent mean ± S.E.M expressed as arbitrary units normalized to the mean of control WT mice. ^\#^ = *p* ≤ 0.05, \*\* = *p* ≤ 0.01, ^\#\#\#^ = *p* ≤ 0.001 (\* WT vs. STAT6-deficient mice; ^\#^Control vs. RSG-treated mice) determined by one way analysis of variance (ANOVA) test. (PKM2 protein Student\'s t-test p = 0.003, control WT vs. STAT6-deficient mice). All runs were done in parallel with the same experimental conditions.](srep02350-f2){#f2}

![Immunohistochemical localization of liver PKM2 expression.\
(a) Hematoxylin-eosin (HE) and PKM2 immunohistochemical stainings in livers of WT (upper panels) and STAT6-deficient (lower panels) mice. Images are representative of pictures obtained from five mice/genotype. Arrows point to PKM2 positive non-parenchymal cells in: 1) association with inflammatory foci, 2) individual localization and 3) surrounding hepatocytes. (b) Serial immunohistochemical or histological stainings from liver sections of WT RSG-treated mice. The middle section was used for PKM2 labelling and the two adjacent sections were used for markers for different non-parenchymal liver cell types. Upper row: the macrophage markers CD206 (M2 type) and F4/80 (M1 type); lower row: GFAP: Glial fibrillary acidic protein and Masson trichrome staining (collagen).](srep02350-f3){#f3}

![Decreased alternative macrophage activation in livers of RSG-treated STAT6-deficient mice.\
Western blot analysis of CD206 expression in livers of control and RSG-treated mice, (n = 5/group). Graphs represent mean ± S.E.M expressed as arbitrary units normalized to the mean of control WT mice. \*^\#^ = *p* ≤ 0.05, (\* WT vs. STAT6-deficient mice; ^\#^Control vs. RSG-treated mice) determined by one way analysis of variance (ANOVA) test. Actin is used as loading control. All runs were done in parallel with the same experimental conditions.](srep02350-f4){#f4}

![Enhanced RSG-induced adipogenesis in STAT6-deficient mice.\
(a) Epididymal (WATe) and intra-abdominal (WATi) white adipose tissue weights of control and RSG-treated mice expressed as percentage of total body weight, (n = 5--8/group). (b) Representative hematoxylin-eosin stained images of WATe derived from WT and STAT6-deficient mice (upper panels) and their computer-assisted transformation (lower panels). Adipocytes are colored according to their size. (c) Histogram of adipocyte size distribution and the bar graph of adipocyte diameter of control and RSG-treated mice. Data were obtained from 6 images/mouse derived from two sections of three different levels, n = 5 mice/group. (d) Serum leptin levels measured by ELISA analysis (n = 4--5/group). Graph represents mean ± S.E.M; \*\* = p ≤ 0.01, \*\*\* \#\#\# = p ≤ 0.001 (\* WT vs. STAT6-deficient mice; \#Control vs. RSG-treated mice) determined by one-way analysis of variance (ANOVA) test.](srep02350-f5){#f5}

![Decreased inflammatory cytokine production and increased insulin sensitivity in RSG-treated STAT6-deficient mice.\
(a) Western blot of PKM2 in WAT of control and RSG-treated mice, (n = 5/group). (b) Serial immunohistochemical and histological stainings from adipose tissue sections of RSG-treated STAT6-deficient mice. The middle section was used for PKM2 labelling and the two adjacent sections were used for markers for the macrophage markers CD206 (M2 type) and F4/80 (M1 type) (c) Real-time PCR analysis of MCP1and IL-1β expression (d) Intraperitoneal insulin tolerance test (ipITT). Mice (n = 4--5/group) were starved overnight and injected intraperitonelly by insulin (1 U/Kg) and glucose levels were monitored for a period of one hour. Graph represents glucose levels expressed as the percentage of initial level. (e) AUC = area under the curve. All graphs represent mean ± S.E.M expressed as arbitrary units normalized to the mean of control WT mice. Results were analyzed by one-way ANOVA test, \* \# = p ≤ 0.05, (\* WT vs. STAT6-deficient mice; ^\#^Control vs. RSG-treated mice). All runs were done in parallel with the same experimental conditions.](srep02350-f6){#f6}

![STAT6 modulates PPARγ action in adipose tissue and liver.\
(a) Under normal conditions STAT6 cooperates with PPARγ to induce adipose tissue accumulation. In the absence of STAT6 adipose tissue mass is decreased and the excess fat is stored in the liver resulting in hepatic oxidative stress and inflammation. (b) Induction of PPARγ in the absence of STAT6 results in enhanced adipogenesis and adipose tissue lipid storage, resulting in decreased secretion of inflammatory cytokines (MCP1, IL-1β). In parallel, in liver, lipid accumulation decreases, along with diminished oxidative stress and inflammation. These changes are accompanied by attenuated immune cell PKM2 expression, indicating differences in metabolism and activation. The positive effect on hepatic homeostasis can be related to 1.) decreased adipose tissue inflammatory cytokine production, or 2.) a crosstalk between liver inflammatory cells and hepatocytes. In addition, 3.) immunmodulatory effects of adipose tissue cytokines on liver immune cells might results in STAT6-dependent upregulation of liver PKM2 expression indicating differences in activation profile. These three potential crosstalk events are indicated by dotted arrows.](srep02350-f7){#f7}

###### Differentially regulated proteins in the livers of STAT6-deficient mice

                                                                                                      MASCAT   LIBRA                            
  ---- -------- ------------ ----------------------------------------------------------- --- --- --- -------- ------- ---------- ------- ------ ----------
  R1    P52480   KPYM_MOUSE          Pyruvate kinase isozymes M1/M2 \[CHAIN 0\]           3   3   2    1.70    1.04    3.72E-02    4/4    1.70   1.95E-02
  R2    P52480   KPYM_MOUSE          Pyruvate kinase isozymes M1/M2 \[CHAIN 0\]           4   4   3    2.40    1.24    1.92E-02    6/6    2.39   5.66E-04
  R1    P43276   H15_MOUSE                    Histone H1.5 \[CHAIN 0\]                    4   3   3    2.19    1.08    3.19E-03    6/6    2.19   7.40E-03
  R2    P43276   H15_MOUSE                    Histone H1.5 \[CHAIN 0\]                    5   3   4    1.57    1.12    4.63E-03    8/8    1.56   8.89E-04
  R1    P20065   TYB4_MOUSE   Hematopoietic system regulatory peptide \[ISOFORM Short\]   2   2   2    1.93    1.01    9.50E-03    4/4    1.93   8.64E-02
  R2    P20065   TYB4_MOUSE   Hematopoietic system regulatory peptide \[ISOFORM Short\]   5   2   5    1.62    1.04    6.87E-06   10/10   1.61   4.96E-05
